Coexistence, and hence interference mitigation, across multiple wireless body area networks (WBANs) is an important problem as WBANs become more pervasive. Here, two-hop relay-assisted cooperative communications using opportunistic relaying (OR) is proposed for enhancement of coexistence for WBANs. Suitable time division multiple access (TDMA) schemes are employed for both intra-WBAN and inter-WBANs access protocols. To emulate actual conditions of WBAN use, extensive on-body and inter-body "everyday" channel measurements are employed. In addition, a realistic inter-WBAN channel model is simulated to investigate the effect of body shadowing and hub location on WBAN performance in enabling coexistence. When compared with singlelink communications, it is found that opportunistic relaying can provide significant improvement, in terms of signal-to-interference+noise ratio (SINR), to outage probability and level crossing rate (LCR) into outages. However, average outage duration (AOD) is not affected. In addition a lognormal distribution shows a better fit to received SINR when the channel coherence time is small, and a Nakagami-m distribution is a more common fit when the channel is more stable. According to the estimated SINR distributions, theoretical outage probability, LCR and AOD are shown to match the empirical results well.
I. INTRODUCTION
The rapid development of semiconductor technology and wireless communications has led to a new generation of wireless sensor networks, wireless body area networks (WBANs), which allow inexpensive and continuous monitoring of human physiological condition and activity, with real-time updates [1] . Sensors can be implanted inside or placed on the human body without causing inconvenience and impairing daily activities. Compared with traditional monitoring, WBAN can provide flexibility and location independency [2] . In 2009, there were approximately 11 million active WBAN units around the world, and this number was predicted to reach 420 million by 2014 [3] .
A traditional WBAN has a single-link star topology, consisting of several sensors and a hub (i.e., gateway device) [4] . According to the WBANs application requirements, it is essential to maintain high communications reliability at the same time as minimizing power consumption. Therefore, in order to overcome large path losses typically experienced in single-link, star topology, WBAN communications, two-hop cooperative communications is an alternative implementation in the IEEE 802.15.6 WBAN standard [4] . In both narrow-band [5] - [9] and ultra-wideband WBAN systems [10] , some two-hop cooperative communication schemes have been investigated that provide significant performance improvement. In [8] idle sensors are used as relays and selection combining (SC) is used to provide diversity gain at the hub. When using either maximal ratio combining (MRC) or SC with decodeand-forward relay communications, it shows an up-to-14 dB increase in bit error probability, when employing an IEEE 802.15.6 compliant BCH coding and GFSK modulation scheme [5] .
Importantly, the improvement in [5] was determined for an isolated WBAN. However, in a lot of circumstances, the WBAN will need to perform reliably in the vicinity of other WBANs such as in the foyer of a medical center. In addition, as a WBAN may be highly mobile, it is generally not feasible to globally coordinate multiple WBANs [11] . Therefore, inter-WBAN interference may lead to unreliable communications. Furthermore, according to specifications for the IEEE 802.15.6 standard, the performance of a WBAN should remain reliable when upto 10 WBANs are co-located in a 6-by-6-by-6m space [12] . In light of all these considerations for WBANs this paper focuses on interference mitigation and hence coexistence enhancement by using simple two-hop, relay-assisted cooperative communications.
The contributions of this paper are as follows:
May 31, 2013 DRAFT 1) Multiple WBANs are simulated employing extensive "everyday" on-body and interbody channel gain measurements [13] , with the WBAN-of-interest consisting of one hub, two possible relays/sensors and eight other sensors. Within each WBAN, the central hub coordinates associated sensors using time division multiple access (TDMA).
And, in accordance with an option for physical layer transmission in the IEEE 802. 15.6 BAN standard [4] , sensors use BCH coded GFSK modulation to transmit packets at 2.4 GHz carrier frequency.
2) In this context, two non-coordinated neighboring WBANs are modeled to investigate the WBANs coexistence. Modified TDMA is employed as an inter-WBAN access scheme, due to good performance in interference mitigation with respect to channel quality and low power consumption [14] ;
3) Two-hop cooperative communications is employed for the WBAN-of-interest. Two different implementations are investigated. In the first implementation, the choice of relay node changes according to an activation of any of the sensors as relays [8] . Whereas, two fixed relays attached to the left hip and right hip respectively are introduced in the second implementation [9] . In this paper, we will primarily focus on the second implementation.
4) Three-branch opportunistic relaying (OR), similar to using selection combining, is used as it has low complexity and low power consumption. In OR, only a single relay with the most reliable signal path to the destination forwards a packet per hop. This OR is subsequently shown to have significant performance advantages over single-hop communications for both first and second-order outage statistics in the presence of interference, both theoretically and empirically in terms of signal-to-interference-plusnoise-ratio (SINR)
The performance of closely-located WBANs will be interference limited. Therefore, the effectiveness of two-hop communications scheme using relays on interference mitigation is studied based on signal-to-interference-plus-noise-ratio (SINR) of each received packet. Both the first order statistics of outage probability and second order statistics of level crossing rate (LCR) and average outage duration (AOD) for SINR are derived in this paper. The results are compared with respect to the coexistence of two traditional star-topology, single-hop
WBANs with the same channel data and the same TDMA schemes used. Here the work published in [8] and [9] is combined and extended, the extension including analysis of AOD.
In other important extensions of [8] , [9] 
II. SYSTEM MODEL
As mentioned in the introduction, there are two different dual-hop relay-assisted cooperative communications schemes implemented. In this section, we first present common configurations shared by both implementations, which includes intra-and inter-WBAN access schemes, coding and modulation, and opportunistic relaying. Then their differences in relay selection, and intra-and inter-WBAN channel model, together with the techniques for overlaying the models, are explained.
A. Common Setup 1) Intra-WBAN Access Scheme: The basic model of a WBAN used in the simulation consists of one hub (gateway) and three active sensor nodes. In this star topology system, the hub coordinates the sensors with a time division multiple access (TDMA) scheme. Therefore, as soon as the hub broadcasts a beacon signal, nodes respond by transmitting the collected information back according to a pre-defined sequence for their allocated time slots. This process is shown in Fig. 1 , in which the labels indicate node numbers. In Fig. 1 , the beacon signal is neglected since it is so short compared to the time-length of transmissions by nodes.
In terms of two-hop cooperative communications, two relays are chosen from at the hub. Onbody hub and relay locations and the way to select active relays will be explained in Section II-B.
Here we denote the time period starting from beacon signal to all nodes finishing transmission as a superframe, and this concept will be used in latter sections. In analysis and simulation, it is assumed that each sensor only transmits one packet of information in a single superframe. After receiving information packets from all sensors, the WBAN goes into idle mode and waits until the next beacon period starts. The length of the idle mode depends on the inter-WBAN access scheme.
2) Inter-WBAN Access Scheme: In consideration of co-channel interference mitigation and power consumption reduction, TDMA is employed as a co-channel access scheme across all which is a shortened version of BCH(63,51). These encoded messages are then modulated prior to transmission using Gaussian-minimum-shift-keying (GMSK), which is a special type of Gaussian-FSK (GFSK) with a modulation index of 0.5.
4) Opportunistic Relaying:
As mentioned in the introduction, two relays are potentially chosen from while each sensor transmits. Therefore, there are three paths that the signal can take from sensor to hub. One is the direct link from the active sensor to the hub, while the other two are decode-and-forward links via either relay. Here, a three-branch opportunistic relaying (OR) scheme is implemented similar to using selection combining (SC) at the hub.
The difference between OR and SC is that in OR, the best path is chosen prior to the sensor transmission and only the best path is activated. However, in SC, signals are sent over all three links, and the hub receives three copies of the signal, and the one with the best quality is subsequently chosen. In this way, OR reduces power consumption and mitigates interference with other co-located WBANs. In this paper, the channel quality of different paths is estimated using SINR of packets received at relay and hub nodes. SINR ν at every node is defined as:
where a sig and a int represent the transmit power of a packet from WBAN-of-interest and interfering WBAN respectively; |h T xRx | and |h int | represent the average channel gain for the source to destination and interfering source to destination links across the time duration of the transmitted signal packet. The subscript i indicates the ith interfering source. |ε noise | is the average noise power experienced at the node-of-interest across the time duration of the transmitted signal packet. Throughout this paper, normally distributed additive white Gaussian noise is assumed, with |ε noise | = −95 dBm in all analysis 1 .
In terms of two relay links, the channel quality is evaluated according to the minimal SINR among two hops at the beginning of a superframe. The selected path j OR is then determined by the following algorithm:
The subscripts s, r k and h indicate sensor, kth relay and the hub respectively; ν ab represents the SINR of received packet transmitted from node a to node b. While one sensor is transmitting, the other two act as possible relays and decode-and-forward received packets to the hub as required. In contrast, for the second implementation in Fig. 2(b) , besides the existing sensors and hub, two fixed relays are added to the overall configuration of the WBAN system. The relays are placed at the left and right hips respectively. When active, they listen to the channel and decode-and-forward packets transmitted by sensors.
B. Types of Relay

2) intra-and inter-WBAN channel model: Extensive on-body and inter-body channel data
was measured with small wearable channel sounders operating at 2.36 GHz (close to the 2.4
GHz ISM band) over several hours of normal everyday activity [13] . In terms of on-body channel data, experiments were repeated on different individual subjects. In each experiment, subjects wore the same measuring system, which consisted of 3 transceivers and 7 receivers
[13] [8] . Throughout the entire experiment, transceivers worked in a round-robin fashion broadcasting every 5 ms at 0 dBm. During one radio transmission, the remaining channel sounders, including the remaining inactive transceivers, recorded the received signal strength indicator (RSSI) upon successful detection of a packet.
While observing different subjects on-body channel profiles, Subject 1's data indicates that these is a sudden change in experiment environment. Fig. 3 shows a typical channel gain plot for Subject 1 over a period of approximately 3 hours. As seen in the figure, the sudden change occurs roughly at the 40000th sample (i.e., after approximately 80 minutes). The channel before that moment shows a slow fading characteristic with larger coherence time,
and it is more stable. In contrast, after the 40000th sample, the coherence time decreases significantly and the channel starts to vary more rapidly. In the simulation of two-hop To capture the inter-body channel data, more subjects were involved in one experiment [9] , [13] . For the data set used in our simulation, there were 8 people walking together to a cafe, sitting there for a while and then walking back to office. Each subject wore a measuring system, which consisted of only 1 transceiver at left hip and 2 receivers at right upper arm and left wrist respectively. Similar to the on-body channel experiment, each transceiver broadcasted every 5 ms in round-robin sequence at 0 dBm. However, since the total number of transceivers was different, on-body and inter-body channel data sets have unmatched sampling rates, 15 ms per sample and 40 ms per sample respectively.
For the analysis with variation in relays used, on-body channel data and a simulated inter-body channel model are used, and hence interference used in this analysis is based on simulation. It simulates a realistic scenario which may happen in an open indoor or outdoor environment. As shown in Fig. 4 , two subjects walk approach each other, passing by each other and then move apart in a space with a dimension of 6 × 0.5 m 2 .
[8] provides a detailed description of the motion model for this simulation. It also explains how the inter-body channel model is simulated. Briefly, the inter-body channel model incorporates both large distributed around the shadowed path loss. Please note that Rayleigh small-scale fading is a poor model for the on-body channel over the WBAN-of-interest, e.g., [15] , [16] , but this model is applied here specifically for an open environment body-to-body.
In the case of analysis with a fixed relay implementation, both on-body and inter-body channel measurements are employed, and hence interference used in this analysis is based on measurement. Recall that on-body and inter-body sampling rates are different, 15 ms and 40 ms respectively. Therefore, it is essential to synchronize them to the same sampling rate.
As opposed to the experiment described in [17] , in which the experiment involves continuous strenuous activity, the inter-body channel data used in this paper was measured differently.
The orientation and distance between subjects were more stable, and there were less scatterers in the surrounding environment. As defined in [18] , channel coherence time is typically the time lag until the autocorrelation coefficient reduces to 0.7. Based on that, calculations show that on-body and inter-body channel data used in this simulation have an average coherence time of 2087 ms and 892 ms respectively. Therefore, it is possible to down-sample both types of channel data to 120 ms per sample without losing accuracy. In addition, since the transmission time of a packet is shorter than the 120 ms sampling rate, a block fading model is used whereby the Tx-Rx channel gain is constant over each packet. Besides temporal synchronization, spatial overlaying is also required. Since opportunistic relaying used in this simulation is based on the SINR value at the relays and the hub, it needs channel data for all three interfering links. Data for channels 1, 2 and 3 is shown in Fig. 5 . However, due to the limitation of the inter-body experiment, there are no direct measurements for Channels 2 and 3. Therefore, they are modeled by overlaying the shadowed components of second hop on-body channels, which are Channels 4 and 5 in Fig. 5 , to the existing inter-body channel data. A detailed description of this overlaying process can be found in [9] . Here, different combinations of subjects are used in the overall analysis, as shown in Table I .
III. SIMULATION RESULTS WITH VARIED RELAY POSITIONS
In this section, the performance of two-hop opportunistic relaying, using (2), with varied relay positions is compared with a system using single-link communications. We also investigate the impact of different hub locations and levels of shadowing on the overall WBAN-of-interest performance. The analysis is based on received SINR outage probability, where the received SINR is derived from recorded signal strength, interference is simulated as described in the last section and noise is AWGN with |ε noise | = −95 dBm, see (1) . In this paper, the outage probability at a given SINR threshold ν th is defined as the probability of the SINR value of a random received packet being smaller than ν th , i.e. P r(ν<ν th ). Performance is compared with respect to a SINR threshold value at outage probabilities of 1% and 10%, where 10% corresponds to the guideline for 10% maximum packet error rates in the IEEE 802.15.6 BAN standard [12] .
In these simulations, the hub and two sensors are placed at one of the three locations (chest, left and right hips) separately. The last sensor is placed at one of the locations among left and right ankle, left and right wrist, left upper arm, head and back, which correspond to the channel sounder locations in the on-body channel data capturing experiment. In Fig. 6 , it is obvious that shadowing influences the system performance significantly. In the case of the hub at chest, Fig. 6(a) , partial shadowing raises the SINR threshold value by about 29 dB at an outage probability of 10% over the case where no shadowing is employed. Full shadowing gives a further 6 dB increment. Similarly, when the hub is placed either at left or right hips, the same observation can be made. Therefore, shadowing is able to mitigate interference from other co-located WBANs, and hence improve the SINR performance for the WBAN-of-interest.
Considering the orientation of interfering hubs or sensors to the WBAN-of-interest, full
shadowing is, commonly, a more realistic assumption. Therefore, we compare the performance of two-hop cooperative communications assuming full shadowing. In Fig. 6 , a significant and consistent improvement in outage probability performance is demonstrated using cooperative communications. Figs. 6(a), 6(b) and 6(c) show that the proposed cooperative scheme can provide approximately 7 dB improvement at an outage probability of 10% regardless of the hub location. However, comparing different hub placements, the case where the hub is at the chest shows a better overall performance in terms of outage probability compared with the cases of the hub placed at either the left or right hip.
IV. THEORETICAL ANALYSIS FOR FIXED-RELAY SCHEME
In this section, analysis is once again based on two-hop relay-assisted communications.
For each analysis set marked in Table I, 
A. Correlation between Signal and Interference
Firstly, the cross correlation between signal and interference received at the same destinations is investigated, for all destination links. Received signal and interference powers, s and int respectively, are normalised, and their cross correlation, ∀i packets, is calculated as
According to the analysis of the fixed-relay data used here the cross correlation, s,int from (3), between signal and interference for all destination links is averaged and found to be 0.27.
As described for autocorrelation in the Section II, if the cross-correlation coefficients were consistently above 0.7, then signal and interference would be significantly correlated.Thus, an average cross-correlation of 0.27 indicates signal and interference are, generally, independent.
Moreover, based on the signal and interference powers recorded, we calculate the best envelope distribution for received signal and interference powers separately, and the best fit is found among normal, lognormal, gamma, Weibull, Nakagami-m and Rayleigh distributions, according to the minimum negative log-likelihood of maximum-likelihood (ML) estimation of distribution parameters. Based on these distribution estimations, we form separate probability density functions, f S (s) and f I (int), for signal and interference respectively. We also calculate the empirical joint PDF of both signal and interference for each packet, f S,I (s, int). We confirm the independence of signal and interference as we find that,
B. SINR Distribution
The distribution of SINR for each simulation using two-hop communications with fixed relays is found according to the ML-Estimation, the same as used for signal and interference powers, described in Section IV.A. A lognormal best fit for both Subjects 1 and 2 is found when the channel is less stable, while a Nakagami-m distribution is found to best describe the channel with a larger coherence time. The parameters of best-fitted distribution for each analysis set are shown in Table II . To see how well the distribution approximation fits the empirical data, the cumulative distribution functions for each results set are derived based on the parameters found using ML-Estimation and then compared with the corresponding outage probability P r(ν < ν th ). In Fig. 7 , two examples, Subject 1 with interfering Subject 4 and Subject 2 with interfering Subject 5, are shown. It can be observed that there is a very good distribution fit to experimental results.
C. Level Crossing Rate
In this paper, level crossing rate (LCR) is defined as the average rate at which a received packet's SINR value going below a particular threshold. In the simulation, the LCR value at threshold ν th is calculated as
where n is the total number of crossings at threshold ν th , and t i,i+1 indicates the time between two consecutive crossings.
Here, we also derive the theoretical level crossing rate for every simulation based on the distribution parameters shown in Table II , and compare with the corresponding experimental {µn, σn}, mean and standard deviation of normal distribution; {m, w}, shape and spread parameters of Nakagami-m distribution;{k, λ}, shape and scale parameters of Weibull distribution; {µ, σ}, log-mean and log-standard deviation of lognormal distribution; {a, b}, shape and scale parameters of gamma distribution.
Subject-of-interest Interfering Subject Distribution
LCR. Analysis is performed on simulation for the less stable on-body channel, i.e. Rows 6 -15 in Table II . The theoretical level crossing rate for lognormal and gamma distributions are,
where ν th is the linear value of the threshold; ln(·) is the natural logarithm and Γ(·) is the standard gamma function and f D indicates the Doppler spread which is found to be 1.0 Hz.
It is found that the theoretical LCR curves match the experimental results for all simulations with different subjects-of-interest and interfering subjects. Examples are demonstrated as shown in Fig. 8 . Therefore, the fitted distribution and their ML-estimated parameters provide very good estimates for the first and second-order statistics of SINR. 
D. Average Outage Duration
Average outage duration (AOD), analogous to average fading duration for channel gain profiles, is defined as the average period of continuous time that SINR values stay below a threshold value ν th across one or more packets. Assume in a given duration, there are a total of n ≥ 1 periods when received packets have SINR values lower than ν th and the length of each period is denoted as t i , then the corresponding AOD is calculated as The experimental AOD result is then compared with corresponding theoretical AOD, which is derived as
where F (ν th ) is the cumulative distribution function of the SINR values, which is also known as the outage probability at given SINR threshold; LCR ν th is the theoretical level crossing rate for the same simulation. From the examples shown in Fig. 9 , we can see that theoretical AOD matches experimental results very well.
V. SIMULATION RESULTS FOR THE FIXED RELAY SCHEME
In this section, the experimental performance of two-hop opportunistic relaying cooperative communications using relays at left and right hips is compared with the system using singlelink communications. The analysis is presented, with respect to the SINR values across packets, for the system's first order statistics -in terms of outage probability; and second order statistics -in terms of level crossing rate and average outage duration. Simulation results for using Subjects 1 and 2 as subject-of-interest are shown separately. In addition, on-body channels of Subject 1 shows two distinct characteristics after a sudden change of experiment environment, as shown in Fig. 3 . Channels are very stable at an earlier stage,
i.e., first 80 minutes, and then they become less stable. Therefore, the performance of the proposed scheme in these two circumstances is also presented.
A. Experimental Outage Probability Fig. 10(a) -10(c) shows the resultant outage probability for Subjects 1 and 2. In the figures, the overall outage probability is obtained by averaging across the entire set of outage probability for each subject-of-interest. For Subject 1 when the channel is less stable, it is shown in Fig. 10(a) that cooperative communications provides an average of 3 dB and 7 dB improvement over single link communications at outage probabilities of 10% and 1%
respectively. Looking at individual analysis sets, the improvement can reach up-to 11 dB increase in threshold value at an outage probability of 1% when Subject 2 is taken as an interferer. In addition, simulation on Subject 2 shows similar improvements, with 3 dB and more than 10 dB increase at 10% and 1% respectively (As shown in Fig. 10(b) ).
In contrast, simulations on Subject 1 with a very stable channel leads to a different result.
In Fig. 10(c) , it is shown that the cooperative communications doesn't provide significant performance improvement in terms of outage probability. However, while comparing with Fig. 10(a) where there is a less stable channel, the system in a very stable channel has a 10 dB performance gain, for both two hop cooperative and single-link communication schemes, over the less stable channel.
B. Experimental Level Crossing Rate
As defined in Section IV.C, level crossing rate (LCR) is the average rate of a received packet's SINR value going below a given threshold ν th . It is calculated as (5). In Fig. 11(a) and Fig. 11(b) , it is shown that cooperative communications reduces LCR at low SINR threshold values significantly. For Subject 1 with less stable channels, the proposed scheme raises the threshold value by an average of 4 dB at an LCR of 1 Hz and an average of 7.5 dB at an LCR of 0.1 Hz. In terms of Subject 2, the improvement, as shown in Fig. 11(b) , is about 2.5 dB and 3 dB at an LCR of 1 Hz and 0.1 Hz respectively. Furthermore, the same observation as that made for outage probability can be made from Fig. 11 (c) when on-body channels are more stable. In this case of larger channel coherence time, no real performance advantage in terms of level crossing rate is shown for using cooperative communication scheme over single-link communication schemes.
C. Experimental Average Outage Duration
Average outage duration (AOD) of time varying SINR, is calculated as (8) . Fig. 12(a) and When using the varied relay positions implementation, it has been found that the use of cooperative communications can mitigate interference by providing an average of 7 dB improvement at SINR outage probability of 10% over the use of single-link communications.
This improvement is consistent no matter where the location of the hub is, but better overall performance is obtained when the hub is placed at the chest. In addition, body shadowing can assist WBAN coexistence significantly. In terms of using the implementation with fixed relay positions, similar conclusions on the the effectiveness of cooperative communications can be made. The average improvements in outage probability at 10% and 1% are 3 dB and 8 dB respectively. Level crossing rate reduces significantly at low SINR threshold values when using the proposed scheme. However, it does not provide improvement for coexistence in terms of average outage duration of SINR. Based on ML estimation, it is found that a lognormal distribution best describes the probability distribution of the received packets' SINR when the channel coherence time is smaller. In contrast, a Nakagami-m distribution fits SINR better when the channel coherence time is very large, i.e. the channel is highly stable.
